Object. The aim of the present study was to elucidate the systematic topography of the lateral sellar (cavernous sinus [CS]) nerve plexus and its connections in humans.
HE CS in humans is located lateral to the body of the sphenoid bone and extends anteroposteriorly from the superior orbital fissure to the apex of the petrous part of the temporal bone. Both its structure and contents are complex and subject to discussion. The term "cavernous sinus" has also been discussed and considered to be inappropriate, whereas the term "lateral sellar compartment" has been suggested as a replacement. 16, 17, 33 The alternative has not yet been adopted in the Terminologia Anatomica 6 and, for this reason, we adhere to the traditional term "cavernous sinus" in our current description of neural structures in the lateral sellar compartment.
In the CS, the ICA and several cranial nerves are close to each other. The pterygopalatine fossa is nearby and its adipose tissue even extends into the CS. 33 This proximity makes it likely that structures in the CS are interconnected and that they have connections with the pterygopalatine ganglion. Large connections between the ICN and the AN have been repeatedly described, especially in relation to neural pathways to orbital structures, 9, 11, 18, 31, 32 but smaller neural connections in the CS have received less attention. In animals, small nerves emerging from relatively large structures have been described as joining together in a CS nerve plexus. The topography, composition, and connections of this nerve plexus have most extensively been investigated in the rat 2 and monkey. 8, [19] [20] [21] [22] According to these studies, the nerve plexus of the CS in the monkey consists of sympathetic, parasympathetic, and sensory nerves; and the nerve plexus in the rat most probably has a mixed nature as well. The plexus can be considered to be a distribution center for visceromotor and sensory nerves that innervate orbital structures, cerebral arteries, and the dura mater.
The existence of a nerve plexus in the CS in humans, which is derived from the ICN but separate from the ICA nerve plexus, has been described by Arnold, 1 Schäfer and Symington, 23 and Kuntz. 10 Clara 5 and Mitchell 13 have reserved the term "cavernous plexus" primarily to describe the plexus around the cavernous part of the ICA. None of these authors has provided a detailed description of neural connections in the CS, although contributions from the CS nerve plexus to the OcN, TN, OphthN, and AN, as well as the hypophysis and the orbit have been mentioned. Neural connections in the human CS were studied in more detail by Suzuki and Hardebo, 25 who used serial sectioning in a cryostat and immunohistochemical staining for a range of markers. According to their findings, there is a confluence of nerve bundles at one center where a small ganglion (or groups of ganglion cells) is located. It has been suggested, however, that in some humans a plexus-like formation of nerve bundles may be found.
An overall view of the three-dimensional arrangement and connections of the tiny neural structures in the CS has never been provided. In addition, although there is no doubt that there is connectivity to the pterygopalatine ganglion in both the rat 2 and monkey, 20 details in humans are less clear, despite the fact that connections between ICN branches and orbital branches of the pterygopalatine ganglion have been described. 20 Detailed knowledge is important for neurosurgeons who operate in this region, and it is of interest to research innervation of intracranial (for example, cerebral arteries) and orbital structures because neural pathways to these structures are expected to run through the CS. Whole-mount AChE histochemical analysis is an impressive approach used to visualize three-dimensional aspects of the peripheral nervous system. 3 It can be applied to animal and human tissues and has the advantage that it can be performed several times on the same tissue during various stages of dissection.
The aim of the present study was to elucidate the systematic topography of neural connectivity in and around the CS in humans. Whole-mount specimens and a frozen and cut specimen were used for this purpose. It should be emphasized that, in this article, we use the term "connectivity" to describe the continuity of neural structures observed through the operating microscope and not to describe connectivity on a cellular level.
Materials and Methods

Tissue Preparation
Eight CS regions obtained in five human cadavers (age at death 61-96 years) were processed. A cannula was inserted into the femoral artery, and the entire body was perfused with 6 L of 0.9% NaCl under physiological pressure, followed by fixation with 25 L of 4% formaldehyde in 0.1 M of phosphate buffer (pH 7.4) over a 30-minute period. The internal jugular vein was opened to provide an exit for the fluids. Following removal of the brain, the head was postfixed in 4% formaldehyde in 0.1 M of phosphate buffer (pH 7.4) for 24 hours. Subsequently, the head was preserved in 0.1 M of phosphate buffer (pH 7.4) containing 15% sucrose. The head was halved on the median plane by using a band saw. Using a diamond saw (Exakt, Norderstedt, Germany), we trimmed the halves into squared blocks containing the CS, pterygopalatine fossa, and part of the middle cranial fossa including the foramen lacerum, ICA, and trigeminal ganglion. Seven blocks were used for dissection and AChE staining as whole-mount preparations, and one block was used for freezing and cutting. Relevant details of the specimens can be found in Table 1 .
Whole-Mount Preparations
A stepwise dissection took place with the aid of a dissecting microscope. The CS was carefully opened and explored using a combined medial, superior, and lateral approach. The pterygoid canal and pterygopalatine fossa were opened, and the portion of the ICA coursing proximal to the CS was dissected. At four dissection stages, the first one occurring just after partial opening of the CS, AChE staining was performed using immersion, according to a previously described procedure. 3 The steps of the procedure include incubation in medium primarily composed of acetylthiocholine iodide, cupric sulfate, and potassium ferrocyanide, followed by intensification of the stain accomplished using diaminobenzidine, nickel ammonium sulfate, and hydrogen peroxide. As a result, all nerves present are stained black. Because our original procedure was designed for experiments involving rat tissue, adjustments for the present study were made in duration of the incubation time in medium containing acetylthiocholine iodide (Table 1) . Each AChE procedure resulted in additional staining of neural structures, thereby permitting safe continuation of the dissection. In two specimens, the cavernous parts of the ICAs were removed after the fourth AChE staining to enable further exploration of nerves running to the CS lateral wall. In another specimen, ganglionic tissue was removed after the final AChE procedure. This tissue was sectioned in a cryostat and stained with hematoxylin and eosin.
Freezing and Cutting of the Specimen
The specimen selected for freezing and cutting was infused with 0.5% and 1% carboxymethylcellulose under subatmospheric pressure. Subsequently, the tissue was frozen by using liquid nitrogen and embedded in 1% carboxymethylcellulose, while freezing continued. The calcified block was then placed in a cryomicrotome (PMV 450MP; Palmstiernas Instruments AB, Stockholm, Sweden) at Ϫ25˚C and sectioned on a frontal plane. The chosen thickness for sectioning was 25 m. For regions of interest, we obtained a photograph of the surface of the tissue block and collected sections on wide adhesive tape 34 every 0.25 mm of cutting. Every 10th section was stained using a modified Mallory-Cason procedure. 29 Other sections adhering to the tape were stained using AChE histochemical methods by immersion, as described for whole-mount preparations, 3 and mounted on white cardboard.
Results
Lateral Sellar Nerve Plexus
To avoid further confusion regarding the appropriateness of the adjective "cavernous," we use the adjective "lateral sellar" to describe neural structures within the CS. The whole-mount preparations clearly demonstrated a nerve plexus in the CS, which was mainly located around the AN and had an inferior extension medial to the OphthN ( Figs. 1 and 2 ). The nerves of the plexus lay within membranous structures. The plexus, here called the "lateral sellar plexus proper," or LSPP, contained several small ganglia that were located superiorly and medially with respect to the AN (Figs. 2 and 3 ). The ganglia are called "lateral sellar ganglia." Their number varied between one and four and, occasionally, scattered neurons could also be seen in the nerve plexus. Additional sec- tioning and hematoxylin and eosin staining of ganglionic tissue unequivocally demonstrated the presence of neuron cell bodies.
The lateral sellar nerve plexus had an extension in the lateral CS wall that was mainly lateral to the TN and OphthN (Fig. 4) . This lateral wall plexus became visible after removal of the outermost (dural) layer of the lateral wall and is here called "lateral extension."
Numerous large and small neural connections were observed in the CS. As was expected, the number and course of the connecting nerves varied. Nevertheless, there was a general pattern, which is later described with an indication of the most conspicuous variations.
Connections Related to the ICN and AN
Many of the connections were topographically related to the ICN and AN. The term "internal carotid nerve" is used to describe the complete group of nerve bundles running along the ICA within the carotid canal. In the posterior portion of the CS, below the transition from the vertical to the horizontal part of the ICA (the posterior carotid knee), two large nerves, inferior and superior, originated from the ICN and coursed in the direction of the AN (Figs. 1 and 5). These two nerves were connected to each other and to the LSPP by many small branches. The inferior nerve joined the AN at its inferior aspect (Fig. 5) . On many occasions the greater portion of this inferior nerve left the AN after a short distance, as one or two branches that ran inferolaterally to join the inferior (and superior in the case of two branches) aspect of the OphthN, and coursed into the orbit (Fig. 2) . In one case, the latter inferior branch consisted of several smaller nerves. The remainder (lesser portion) of the inferior nerve leading to the AN continued along the AN in the direction of the orbit, as part of the LSPP. There was some variability here because, in a few instances, the branches that continued along the AN were larger than the contribution(s) to the OphthN. The LSPP was connected to the branch located between the AN and OphthN. The superior one of the two large branches crossed above the AN in a lateral direction (Fig. 5 ) and split into several branches. One or several smaller branches joined the AN at its superior aspect, contributed to the LSPP around the AN, and continued their course in the direction of the orbit. A large branch or several smaller branches passed laterally, connected by many branches to the ICA nerve plexus, and continued to contribute to the portion of the plexus proper located above the AN. From here a branch connected to the OcN, and other branches ran between the OcN and the TN in a lateral direction and continued as the lateral extension (see later description).
Other contributions to the AN were observed as well. At the posterior carotid knee, several branches from the ICN curved laterally around this vessel to join both superior and inferior sides of the AN as well as the OphthN (Fig. 6) . The branches that joined the inferior side of the AN were more distally joined by the inferior large connection between the ICN and AN described earlier. In two specimens from those additional contributions to the AN, a nerve could be followed as it ran along the AN in (or coming from) a posterior direction. We are not certain whether such a nerve was present in the other specimens.
The remainder of the ICN continued along the ICA and formed a plexus around the horizontal part of the artery.
Other Connections
From the anterior site of the LSPP, one or several nerves could be traced to the pterygopalatine fossa, which coursed through the superior and inferior orbital fissures (Fig. 7) . Generally, a relatively large bundle connected the LSPP to the pterygopalatine ganglion. A little more ventrally were found one or more smaller nerves that connected to the ganglion after traversing a plexus in the orbital tissue between the fissures.
From the inferoposterior portion of the LSPP, there were several connections to the trigeminal ganglion in some specimens (Fig. 5) . When the OcN, TN, and OphthN were gently retracted laterally, it could be seen how the LSPP continued between the AN and the ICA on one side, and the OcN, TN, and OphthN on the other. This part of the plexus contained multiple connections with branches of the ICN, which continued along the ICA toward the cerebral arteries (Fig. 6) .
Lateral Extension
The lateral extension consisted partly of vertically oriented nerves running lateral to the TN and OphthN and, sometimes, also to the OcN (Fig. 4) . Some nerves that formed the lateral extension continued anteriorly into the orbit along the TN and OphthN. One nerve ran in (or was coming from) a posterior direction along the TN. The lateral extension was connected to the LSPP by nerves that ran between the OcN, TN, and OphthN. Vertical nerves of the lateral extension returned to the plexus proper below the OphthN. The configuration of the lateral extension and the connections to the LSPP actually made the lateral extension a peritrochleoophthalmic nerve plexus with anterior connections to the orbit and a posterior connection along the TN.
Sectioned Frozen Specimen
Examination of the frozen and cut specimen demonstrated the course of the larger structures as described for the whole-mount preparations, including nerve bundles around the ICA and connections between the ICN and AN. Also visible was a nerve between the OcN and the TN, which was probably a connection between the LSPP and the lateral extension (Fig. 8) . It was not possible, however, to trace all the finer nerves of the lateral sellar nerve plexus on the sections. Figure 9 contains schematic drawings that can be viewed to summarize the main findings of this study.
Discussion
The AChE method enabled us to demonstrate an extensive neural plexus in the CS in humans, which was mainly located around the AN and medial to the OphthN (LSPP), with a lateral extension just underneath the outermost (dural) layer of the lateral CS wall. In the LSPP, several ganglia were present. We now relate our major findings to those presented in previous reports and dis- cuss possible functional aspects of the lateral sellar nerve plexus.
Comparison With Findings in Humans
The large connection that we found between the ICN and AN correlates with findings published by several authors. 9, 11, 12, 14, 18, 24, 31 This connection appears to be a constant feature. Generally, these nerve fibers are considered sympathetic. 9, 11, 18, 24, 31 It should be noted that considering these nerve fibers to be sympathetic is only based on their continuity with the ICN and not on their transmitter contents. We think that it is likely that the nerve bundle is indeed sympathetic, but it still awaits proper characterization. In this discussion, however, we will follow the viewpoint of most authors and regard the bundle as sympathetic. According to most authors, this nerve bundle leaves the AN and joins the OphthN. 9, 11, 18 The continuation of these nerve fibers into the orbit supports the notion that this nerve bundle constitutes the sympathetic pathway to orbital structures such as the dilator pupillae muscle. 15 Van Overbeeke, et al., 31 however, observed that the majority of fibers of the large sympathetic nerve bundle remained joined to the AN. They found that only additional connections between the ICN and AN left the AN. We found several such additional connections, some of which were described earlier. In particular, those that curve around the artery in a lateral direction to reach the inferior side of the AN match the descriptions by van Overbeeke and associates. 30, 31 Our findings indicate variability in the course that sympathetic nerve fibers follow to the orbit. We found that, in all cases, sympathetic fibers left the AN to join the OphthN, but there always remained a portion that continued to the orbit along the AN as part of the LSPP. The dimensions of the portions that run with the AN and OphthN vary and seem to have an inverse relation. Moreover, we believe that the AN and OphthN are not the only cranial nerves that guide sympathetic fibers to the orbit. We also found a connection between the ICN and the OcN; and from the lateral extension of the lateral sellar plexus, fibers can reach the orbit along the TN and OphthN. In our opinion, some of the presumed sympathetic routes, especially the small ones, are easily overlooked without the use of a specific nerve stain.
Small ganglia in the human CS close to the AN have previously been described. 4, 7, 25, 32 Immunohistochemical demonstration of vasoactive intestinal polypeptide in the majority of ganglion cells 25 strongly suggests a parasympathetic nature of the ganglia, for which supporting evidence is provided by the connection that we found between the plexus and the pterygopalatine ganglion. We found a more extensive neural plexus with more connections than that observed by Suzuki and Hardebo. 25 Their serial sectioning method, in which a 75-m interval was used for each neural marker, can complicate the tracing of finer nerve bundles. Nevertheless, we could confirm their description of connections between the plexus and ganglia and the ICA, AN, OphthN, and, possibly, the pterygopala-tine ganglion, although the exact course and number of these connections is different and more complicated than those suggested by the drawing these authors provided.
Comparison With Findings in Rats
A comparison between the present results and our previous description of the CS in rats 2 demonstrates similarities and discrepancies. In general, in both species there is a proper plexus and a lateral extension. Because the rat does not have a sella turcica, we adhere to our original term "cavernous plexus proper" for this species. In the rat this structure lies mainly in the CS lateral wall, whereas in humans, as the lateral sellar plexus, it lies in membranous structures (CS trabeculae) that may, however, also be regarded as venous walls. 16 Both species demonstrate ganglia in the plexus. To a certain extent the connectivity is similar, especially with regard to connections to the AN, the pterygopalatine ganglion, and the trigeminal ganglion. The ventral and dorsal connections between the ICN and AN, as described in the rat, correlate well with the large (inferior) connection and the smaller branches that curve laterally around the ICA in humans.
In both rats and humans, the lateral extension is a continuation of the proper plexus. In both species nerves from the lateral extension course along the TN and OphthN into the orbit, and along the TN in a posterior direction. In the rat the latter nerves extend to the region of the pineal gland. The morphological aspect of the lateral extension in both species is strikingly similar (compare ). A comparison of cross sections of the CS in both species (Fig.  10) illustrates a somewhat similar disposition of cavernous and lateral sellar plexus nerves, when taking into account the topographical differences in both species. In humans the complete plexus, consisting of the LSPP and the lateral extension, surrounds the TN, OphthN, and AN.
Contributions to the Lateral Sellar Plexus
The numerous connections of the human lateral sellar plexus to other, already functionally identified, neural structures suggest a mixed nature of the plexus. Postganglionic sympathetic fibers can be supplied by the ICN, which originates from the superior cervical ganglion. The nerve accompanies the ICA on its way to the CS and usually divides into several bundles. 30 The sympathetic input to the lateral sellar plexus is probably major; articles on neural structures other than cranial nerves in the CS tend to have references only to sympathetic fibers. 18, 31, 32 Other sources should not be ignored, however. Postganglionic Pterygopalatine fossa, posterior portion of the orbit, and anterior portion of the CS; mediocaudal view. In this specimen two nerves connect the LSPP to the pterygopalatine ganglion (arrowheads). These connections are not completely stained, but there is no doubt that there is continuity. The arrow points to a nerve that bypasses the ganglion and may connect to the maxillary nerve. AChE staining, bar = 2 mm. PG = pterygopalatine ganglion; RO = rami orbitales. parasympathetic fibers can be supplied by the connection(s) to the pterygopalatine ganglion. Some fibers that course between the pterygopalatine ganglion and the lateral sellar plexus may be preganglionic and synapse in the lateral sellar ganglia. The otic ganglion may also contribute to the lateral sellar plexus, as found in monkeys. 19 Sensory fibers may run within interconnections between the lateral sellar plexus, on the one hand, and the trigeminal ganglion and the OphthN, on the other.
Distribution of Lateral Sellar Plexus Nerve Fibers
For obvious reasons tracing and transection experiments cannot be performed to study functional aspects of the human lateral sellar plexus nerve fibers. Such information has to be provided by clinical cases in which, following trauma or other pathological event, symptoms occur that can be related to nerves in the CS. From the lateral sellar plexus, theoretically sympathetic, parasympathetic, and sensory nerve fibers can be distributed to several targets. In the following list no attempt is made to distinguish between sympathetic, parasympathetic, and sensory pathways, because extensive characterization of interconnecting nerves still must be performed. It is possible, however, that not all subpopulations of nerves follow the described route to the targeted organs listed in the following paragraph.
Most probably, the targets of the lateral sellar plexus include the following. The first target is the cerebral arteries, through numerous connections with the ICA and also, perhaps, retrogradely along the AN to the basilar artery, which has been found in monkeys. 22 It has been well documented that, in animals, the pterygopalatine and trigeminal ganglia play a role in cerebrovascular innervation; 8, 22, 26, 27 equivalent pathways in humans have never been completely visualized. Our material clearly demonstrates a morphological substrate for such pathways. The second target is orbital structures, along the OphthN, AN, and OcN, given the connections between the ICN and these cranial nerves, but also from the lateral extension along the TN and OphthN. The third target is the upper eyelid and skin of the forehead, through branches of the OphthN, and the fourth target is the hypophyseal vessels. The fifth target is the tentorium cerebelli and the pineal gland from the lateral extension along the TN. This was found in rats, 2, 28 whereas in monkeys the tentorial nerve accompanying the TN was found to originate in the cavernous plexus. 21 The sixth target includes other parts of the dura mater.
Conclusions
The CS in humans contains an extensive neural plexus with small ganglia. The plexus receives sympathetic, parasympathetic, and sensory contributions. Many interconnections indicate a distribution of nerve subpopulations to several targets, including cerebral arteries and orbital structures. The presence of a mixed nerve plexus in the CS which projects to a variety of targets, indicates that disease or injury in the CS may result in a variety of symptoms, apart from symptoms that can be explained by lesions of the cranial nerves that run within the CS. Surgeons should note that several neural structures presented in this paper are very small and probably hard to recognize during CS surgery.
